Neurosurg Focus 39 (3):E2, 2015 P eriPheral nerve surgical targets are identified using a combination of preoperative imaging and intraoperative anatomical landmarks. Although this allows for successful localization of peripheral nerve lesions, it often involves extended surgical exposures with longer operative times and a related increase in morbidity. Surgeries should aim to optimize efficiency, accuracy, and safety to improve outcomes and minimize harm to the patient. In this study, we describe a technique in which 1) ultrasonography is used in the immediate preoperative period to identify target peripheral nerves, 2) an ultrasound-guided needle electrode is used to stimulate peripheral nerves to confirm their position, and then 3) a methylene blue (MB) injection is performed to mark the peripheral nerve pathology to facilitate surgical exploration.
anatomical structures. 6, 9, 19 For instance, the use of MB has been reported during parotid gland surgery, where it helps guide tumor resection as an indirect identifier of the facial nerve. 17 In addition, MB has been used to directly stain critical nerves to avoid injury during surgical procedures. 18 Finally, anesthesiologists routinely use cannulated needles for delivery of nerve blocking agents, and often do so with ultrasound guidance, electrical nerve stimulation guidance, or both. 15 However, the combined use of these techniques has not been previously reported, namely the percutaneous placement of a cannulated needle filled with MB under ultrasound and electrical nerve stimulation guidance, to deliver a marker to create a colorized surgical corridor from the skin surface to the deeper lying target structure. 6 The technique presented provides a novel approach for the peripheral nerve surgeon to plan and execute surgery expeditiously and efficiently through an incision that is optimally placed and sized so as to provide direct and adequate exposure while minimizing collateral damage to surrounding tissues and structures.
methods
A cohort of 13 patients with varying indications for peripheral nerve surgery was included in this study (Table 1) . A neurophysiologist was involved in all cases for monitoring of both indirect and direct nerve stimulation.
The patients were brought to the operating room and placed under general anesthesia. Prior to skin preparation, an anesthesiologist (P.A.) who was experienced in ultrasound neurography performed the sonographic nerve mapping. A Mindray M7 portable ultrasonic imaging system was used with a linear array transducer (L14-6s, nominal frequency range 6-14 MHz; or 7L4s, nominal frequency range 5-10 MHz). Once the target nerve was identified, a 22-gauge, 50-mm insulated needle or a 21-gauge, 10-mm insulated needle (SonoPlex Stim cannula, Pajunk) was inserted in plane with the transducer while the target nerve was kept in the field of view (Fig. 1A) . The needle was inserted with the nerve stimulator set at 1.0 mA at 2 Hz (Fig. 1B) . Accurate placement of the needle tip relies on ultrasound guidance relative to the nerve, as well as direct stimulation of the nerve and recording electromyography responses from electrodes placed in target muscles (Fig.  1C) , which was captured and recorded by the neurophysiologist on a monitor ( Fig. 1D and E) . A plantar flexion foot motor response was also elicited and could be seen and palpated, providing additional confirmation of accurate placement of the needle tip (Fig. 1C) .
Once the 22-gauge hypodermic needle was well positioned, 0.5 ml of a dilute solution of MB was subsequently injected to demarcate the distal neural structures (Fig. 2D ). An additional 3-4 ml of MB was subsequently injected as the needle was slowly withdrawn to provide a colorized operative corridor to the target nerve (Fig. 2C) . A dilute and safe concentration of MB was used at a low volume that required no consent. The needle was then removed and the field prepared and draped in the usual sterile fashion. A skin incision was made over the needle puncture site, and the tract highlighted by the MB dye guided the operative corridor to the nerve of interest and surgical target. The operation proceeded in the usual fashion at this point.
results
In all cases, the preoperative ultrasonography easily identified the nerve (Fig. 2B ) and region of interest ( Fig.  2A) . Indirect stimulation of the target nerve, while maintaining direct ultrasound visualization, was confirmed prior to the injection of MB in all cases. An MB-colored surgical corridor was created in all cases, which allowed the surgeon to dissect with confidence toward the target structures quickly and efficiently while minimizing collateral trauma to surrounding tissues. Examples of operative dissections with MB staining are shown in Fig. 2C and Fig. 3C and described below. Methylene blue dye injections were always extraneural and typically stained the epineurium.
There were no cases in which patients experienced an allergic reaction to the MB injection. The needle used for nerve stimulation and for administration of the MB did not cause any complications, such as nerve injury or hematoma. In every surgery, the MB was present throughout the dissection, and it was useful for operative exposure. There were no patients that experienced permanent skin discoloration.
illustrative cases case 1
A 42-year-old man presented after having 7 years of left buttock pain, which was exacerbated with pressure (primarily sitting) and relieved by standing. The pain was unresponsive to physical therapy. His workup included an electromyogram that showed chronic reinnervation changes that were consistent with left sciatic neuropathy. He also received an MR neurogram, which was unrevealing ( Fig. 2A) . He did receive a treatment of botulinum toxin, which served as supporting evidence for left piri- formis syndrome. On physical examination, he had full motor strength, normal sensation, normal reflexes, and a negative straight leg raise test. He had focal tenderness to deep palpation over his left sciatic notch and maneuvers causing stretching of the piriformis muscle elicited deep left buttock pain. Preoperatively, ultrasonography was used to identify the sciatic nerve, and MB was administered as described above (Fig. 2B) . On surgical exploration, a vertical incision measuring 8 cm in length was centered about the needle site (Fig. 2C) . The trail of MB was followed all the way to the piriformis muscle and the underlying sciatic nerve, which was identified using direct electrical stimulation to both its medial tibial and lateral peroneal components (Fig. 2D) . It was noted during the operation that a fibrotic portion of the piriformis muscle was compressing the underlying proximal left sciatic nerve. Subsequently, the left sciatic nerve was fully decompressed both proximally and distally. Postoperatively the patient experienced a dramatic reduction in his left buttock pain.
case 7
A 52-year-old woman presented with a 3-year history of progressively worsening sciatica. She had also noted that her right buttock was tender to pressure. She underwent MRI, which showed a right sciatic mass near the sciatic notch that measured 4 cm in diameter (Fig. 3A) . On physical examination, she had full motor strength, normal sensation, normal reflexes, and a negative straight leg raise test.
Preoperatively, ultrasound-guided needle electrical stim ulation was used to localize her mass in the right posterior buttock region (Fig. 3B) . After this localization, MB was administered as described above (Fig. 3C) . A 15-cm incision was centered over the mark from the ultrasound injection (Fig. 3C ) and the MB tract was followed to the mass. A 4-cm mass was noted adjacent to the right sciatic nerve, and this was subsequently resected (Fig. 3D) . The final pathology was a benign spindle cell neoplasm, compatible with a diagnosis of myxoma (Fig. 3E) . Her right buttock pain and tenderness resolved following the surgery.
discussion
The first study to use MB as an operative tool for peripheral nerve surgery, administered using ultrasound guidance, was by Gofeld et al. in 2013. 6 Although that Shown is the initial subcutaneous dissection demonstrating the MB tract that is followed through a small operative window to locate the sciatic nerve (C). Methylene blue is shown surrounding the sciatic nerve, whose identity was also confirmed using direct electrical stimulation of the nerve while recording electromyography responses from appropriate muscles (D). "P" and "T" on the Penrose drain coursing under the sciatic nerve refer to peroneal and tibial components of the sciatic nerve, respectively.
study did show the benefit of using ultrasonography and MB for localizing peripheral nerves, specifically for operations, it did not include a confirmatory test that could be performed prior to administration of MB to validate the intended nerve that was being localized. This study has this added dimension and security for localizing nerves, and that is the use of the ultrasound-guided cannulated needle, which provided nerve stimulation for further confirmation of the intended nerve target. Previously, Thomassen et al. in 2013 described the use of ultrasound guidance and nerve-stimulator guided blocks for neurectomy. 21 In this paper we present a novel technique that provides the peripheral nerve surgeon a helpful tool to plan and execute the surgery. It is a technique that uses readily available, portable, and cost-effective resources that could be easily implemented to the benefit of many patients with a wide range of peripheral nerve problems. The added benefit of nerve stimulation is unique to this study. It provides a confirmatory motor or sensory response that can be appreciated prior to the administration of MB. This confirmatory variable could potentially prevent incorrectly identifying a target nerve on preoperative ultrasonography. Also, as shown in Fig. 1D and E, the nerve stimulation response that is being monitored by the neurophysiologist provides direct feedback about the distance between the needle and the target nerve.
Furthermore, ultrasonography may have additional roles in the perioperative and intraoperative management of peripheral nerve disease. Ultrasound mapping of nerve pathology may enable delineation of normal structures in relation to nerve pathology, which may assist in planning the optimal surgical approach. As an example, ultrasound may be used to identify the location of normal nerve fascicles in relation to peripheral nerve sheath tumors, thus minimizing the chance of iatrogenic nerve injury. 20 The addition of MB staining of the chosen surgical path may further improve the safety and efficiency of the surgical procedure. Although there have been few publications stating concern for the safety of MB use in patients, 8 this has been easily addressed in this technique by using a dilute concentration of MB at low volumes. Similarly, ultrasound mapping and guidance may enable safe and accurate percutaneous needle biopsies of suspected peripheral nerve sheath tumors. 2 Intraoperative ultrasonography applied to surgically exposed nerve lesions may provide the surgeon with another tool to evaluate nerve pathology, such as the extent of peripheral nerve injury following trauma.
14 This could be further applied to peripheral nerve sheath tumor resection as a complement to the surgical microscope and intraoperative electrophysiology apparatus, to provide information regarding the internal characteristics of the tumor and its relationship to nerve structures, thereby possibly increasing the potential for normal nerve salvage.
Finally, ultrasound-guided near-nerve neurography may also be useful in the diagnostic workup of peripheral nerve lesions, particularly when evaluating early regeneration after peripheral nerve trauma.
3 Presently, intraoperative compound nerve action potentials are recorded by exposing the nerve and applying electrodes directly to the nerve. Introducing electrodes next to the nerve using ultrasoundguidance techniques is a noninvasive option that may obviate the need for surgical exploration. 
conclusions
Preoperative ultrasound/stimulation-guided MB ad mini stra tion is a promising technique that peripheral nerve surgeons could use to plan and execute surgery.
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